, 60, and 80 msec after the J point and was noted as ST20, ST60, and ST80. The amplitude of the R wave was measured in lead X, and the change in the QRS amplitude from rest to peak exercise was computed. Heart rate was measured from the RR interval in five consecutive beats. In the present study, we considered all data collected at peak exercise, change in R wave amplitude from rest to peak exercise, and the pressure-rate product at peak exercise (maximal heart rate multiplied by peak systolic blood pressure).
Coronary Arteriography
Selective coronary arteriography including multiple projections was performed by a percutaneous transfemoral approach. The coronary arteriogram was considered abnormal in the presence of a reduction of 50% or more in diameter of at least one major coronary vessel. Left main coronary artery narrowing of 50% or greater was considered as the equivalent of two-vessel disease. A proximal stenosis of a large diagonal was considered as stenosis of the left anterior descending coronary artery and that one of a marginal branch was considered as stenosis of the circumflex coronary artery.
Statistical Analysis
In the learning group, univariate analysis was performed to make comparisons between patients with and without coronary artery disease using the Student's t test or Wilcoxon's U test for continuous variables and the Pearson's x2 test for discrete variables. All exercise variables were then submitted to a forward stepwise logistic analysis using the BMDP statistical package. At each step, the improvement in X2 test was used to check whether the variable entered at that step significantly improved discrimination (gain in log likelihood ratio). The stepwise selection process was stopped when the corresponding probability value was greater than 0.0025. After the last step, the hypothesis that the logistic model fitted the data adequately was tested with the Hosmer goodness-of-fit test.33 A small probability value indicated that the logistic model was not appropriate for the data. The probability prediction as deciles was compared with the actual prevalence of disease in that decile to express the calibration of the model prediction. In each decile, 1 standard deviation of the outcome prediction was reported as an index of the precision of the model.
In the testing group and in the screening group, univariate analysis was also performed with the same tests as in the learning group. All data are expressed as mean-+-SD, and probability values greater than 5% are considered nonsignificant. The cutoff point is 0.50, and we classified a patient as diseased when the function was greater than 0.50.
For each of the three decision rules, we computed sensitivity, specificity, and predictive value of a positive and of a negative response in the learning group, in the testing group, and in the testing group pooled with the screening group.
Because other cutoff points lead to other values of sensitivity and specificity, receiver-operator characteristic curves were drawn to show the variations of those parameters for the conventional ST segment analysis, the statistical analysis developed by Deckers et al, 30 and the present statistical analysis. In the receiver-operator characteristic curves, we also calculated heart rate-adjusted ST segment changes as described by Detrano et al. 27 Heart rate-adjusted ST segment changes were calculated as max [(exercise ST -rest ST) over three leads] (exercise heart rate -rest heart rate) For heart rate-adjusted ST segment changes, no cutoff point of abnormality was proposed by Detrano et al. 27 Therefore, we compared our logistic analysis with this parameter only in the receiver-operator characteristic curves and not in the sensitivity and specificity results section. Areas under the receiveroperator characteristic curves were estimated by means of mathematical formula developed under the hypothesis of binormal receiver-operator characteristic model, and those areas were compared using Z tests for correlated curves.34
Results

Group Characteristics
Clinical and angiographic data of the learning group, the testing group, and the screening group are presented in Table 1 .
Of the 135 women of the learning group, 56 (41%) had significant coronary artery disease, of which 70% of those patients had multivessel disease, whereas among the 115 women of the testing group, coronary artery disease was diagnosed in 54 (47%) patients, of which 44% had multivessel disease.
In the learning group, a high proportion of the patients with coronary artery disease (50 of 56, 89%) had a history of typical angina pectoris. This proportion was lower (30 of 54, 56%) in the testing group, but the prevalence of coronary artery disease was 61% (50 of 82) in women with typical angina from the learning group, and it was 60% (30 of 50) in women from the testing group.
Eighty-five percent of the age-predicted maximal heart rate was achieved in 60% of the learning group, 56% of the testing group, and 69% of the testing and screening groups pooled together.
Univariate Analysis of Exercise Performance
The 20 variables considered at peak exercise test are listed in Table 2 . In the learning group, work load, heart rate, expected heart rate, and pressurerate product were significantly lower in patients with coronary artery disease than in patients with normal coronary arteries. Women with coronary artery disease developed symptoms more frequently at maximal exercise. In lead X, ST60 and ST80 were more abnormal, and ST20 60 slope was lower in patients with coronary artery disease, but those measurements were not significantly different in lead Y and lead Z.
Except for symptoms and ST measurements in lead Y, the same statistical differences were observed in the testing group between patients with and without coronary artery disease.
When the screening group was compared with the testing group patients with coronary artery disease, all variables were significantly different with p values less than 0.01 except systolic blood pressure and R wave measurements.
Multivariate Analysis of Exercise Performance
From the 20 variables, three were selected by the stepwise logistic analysis performed in the learning (Table 3) . The resulting logistic model fitted well the data of the learning samples (Hosmer x2=4.4, p=0.821). The three variables were maximal work load, heart rate at peak exercise, and ST60 in lead X. Their associated weights and the derived model are presented in the lower panel of Table 4 . The calibration of the model prediction is reported in Figure 1 . A point below the diagonal square indicates that the model prediction overestimates the actual incidence of disease as in the third and tenth deciles. There were also slight underestimations in the fifth and ninth deciles. In the aggregate, predicted probabilities given by the logistic model are well calibrated.
The way of using this model is illustrated by the example of a woman who achieved a work load of 160 W on the bicycle with a heart rate of 150 beats/min In the testing group, predictive values of Deckers' analysis were about the same as those of conventional analysis but are significantly lower than the predictive values of the present analysis. For the present analysis, results in the testing group were better than in the learning group; this reflects the adequacy of the fitted logistic model.
In the screening group, Deckers' analysis was the best: no volunteers were misclassified, whereas seven of 76 were misclassified by the present analysis. By pooling the testing and the screening groups, specificities were greater than 90% for the two multivari- ate analyses, and the present analysis markedly increased the diagnostic accuracy of exercise testing. Figures 2-4 show the diagnostic accuracy of the three analyses when other cutoff points are considered. In addition, a fourth method of analyzing exercise tests has been added in the receiver-operator characteristic curves: ST segment amplitude changes during exercise adjusted for heart rate, as proposed by Detrano et al. 27 The total area under each receiveroperator characteristic curve is reported in Table 6 . The area under the present logistic analysis is significantly higher than that of the three other analyses. In each of the groups considered, the present logistic analysis had the best diagnostic accuracy.
Discussion
This study shows that a logistic analysis built in a learning group of women was the best predictor of coronary artery disease in two independent groups of women. Using receiver-operator characteristic curves, we showed that this discriminant function was better than three other methods, the conventional analysis of ST segment depression, the adjustment of ST segment amplitude for heart rate proposed by Detrano et al,27 and the linear discriminant analysis reported by Deckers et al. 30 The diagnostic yield of exercise testing in women has been disappointing because of In multivariate analyses in which many variables are submitted to a stepwise selection process, results must be interpreted with caution because there is no guarantee that the subset selected is "best" regardless of the criterion used to make the selection39; this may sometimes explain differences in the selected variables from study to study with similar characteristics of the study groups. In the learning group, three variables were selected by the stepwise logistic analysis: maximal work load, heart rate, and ST segment depression in lead X. These variables were also found to be significant in a male population24 and the transportability of the model for this last group of patients has been demonstrated. 40 In the study of Deckers et al,30 maximal work load and ST segment depression were also selected by a discriminant analysis in women. However, maximal heart rate was not a significant variable in their study; this can be partly explained by the high incidence of their patients receiving /3-blocking drugs (71%) and also by the use of a selection procedure.
At this time, no satisfactory solution exists to solve problems with large numbers of variables. A good way to check the reliability of a model is to evaluate its performance on independent groups of patients: a testing and a screening group. When we applied the logistic model to a testing group, we obtained a sensitivity and specificity of 70% and 93%, respectively, which are excellent for an exercise test in a population of women. This diagnostic accuracy was achieved despite a large proportion (40%) of nondiagnostic tests because of insufficient target heart rate. The comparison of the results of the present logistic analysis was made with heart rate-adjusted ST segment changes27 and with a linear discriminant analysis performed in 189 women without previous infarction. 30 We used a logistic discrimination because it has been shown to be stronger when the assumptions of multivariate normality and equal covariances of variables cannot be accepted. 41 In their study, Deckers et a130 achieved a sensitivity of 73% and a specificity of 90% with a linear discriminant analysis and a sensitivity of 77% and a specificity of 90% with heart rate-adjusted ST segment changes. However, they did not use a testing group to validate these data. In the present study, the simplest analysis, the adjustment of the ST segment amplitude changes for heart rate, was close to the linear discriminant function of Deckers et al. 30 However, the logistic analysis was superior to the other interpretations in the three groups of women according to the receiveroperating characteristic curves. The areas should, however, be interpreted with caution because the receiver-operator characteristic curves were crossing and because the assumptions of binormality were not satisfied. 42 One limitation of our study is that the transportability of the logistic model has not yet been evaluated on data from other centers because it is difficult to find a computerized data bank of exercise test and angiographic results in a relatively large female population filling our entry criteria, but we hope to do so through an international collaboration.
The implementation of the described logistic multivariate model in the interpretation of exercise test results yields a clinically useful level of sensitivity and specificity for the diagnosis of coronary artery disease in women that is comparable with that reported in men. Such an improvement in sensitivity and specificity of the exercise test would enhance the confidence of the physician in the result of this diagnostic test in women and would, therefore, enhance the diagnostic accuracy of sequential strategies for coronary artery disease in this subgroup of patients.
